Alternative splicing is a significant contributor to transcriptome diversity, and a high-throughput experimental method to quantitatively assess predictions from expressed sequence tag and microarray analyses may help to answer questions about the extent and functional significance of these variants. Here, we describe a method for high-throughput analysis of known or suspected alternative splicing variants (ASVs) using PCR, primer extension and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). Reverse-transcribed mRNA is PCR amplified with primers surrounding the site of alternative splicing, followed by a primer extension reaction designed to target sequence disparities between two or more variants. These primer extension products are assayed on a MALDI-TOF mass spectrometer and analyzed automatically. This method is high-throughput, highly accurate and reproducible, allowing for the verification of the existence of splicing variants in a variety of samples. An example given also demonstrates how this method can eliminate potential pitfalls from ordinary gel electrophoretic analysis of splicing variants where heteroduplexes formed from different variants can produce erroneous results. The new method can be used to create alternative variant profiles for cancer markers, to study complex splicing regulation, or to screen potential splicing therapies.
INTRODUCTION
Since the discovery of alternative splicing in 1977 (1), our estimate of the degree to which pre-mRNA undergoes alternative splicing increases every year as more studies are conducted. In 1994, alternative splicing was thought to affect a mere 5% of genes in eukaryotes (2) , five years later the number jumped to 35% (3) , and now, 28 years after its discovery some researchers using microarrays have estimated that 74% of human multi-exon genes are alternatively spliced (4) with 80% of these alternative splicing events producing changes in protein sequences (5) . Regardless of the final tally, the importance of alternative splicing is assured; for every role of alternative splicing that we know of, there are many more being uncovered. Examples of the functions of alternative splicing include calcium pump diversity (6) and regulation of fibronectin (7) , calcitonin (8) and GTP cyclohydrolase I (9) . In addition to its intended role in complex regulation of signaling and expression, alternative splicing has been linked to many well-characterized diseases, including cystic fibrosis, Alzheimer disease (10), Parkinson's and Frasier syndrome (11) as well as every major cancer (12) . How these variants are regulated through cis-regulatory elements and trans-acting factors and how this knowledge can be used in diagnosis, prognosis and treatment of the aforementioned diseases is an active field of study. With such vast and significant roles linked to alternative splicing, the need to fully characterize alternative splicing qualitatively and quantitatively is imperative.
To understand the impact of alternative splicing on the complexity of the human genome, researchers have used expressed sequence tag (EST) analysis and microarray profiling to determine possible variants that are tissue-specific, The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org tumor-specific and disease-associated (12) (13) (14) (15) (16) . These searches have identified thousands of potential tissue-specific variants and cancer-specific markers. Unfortunately, current methods for verifying and quantifying these variants at the level needed are either too low throughput or not sufficient in quantitative accuracy. Among many technologies that have been used for alternative splicing analysis, polymerase colony technology (17) was shown to be a particularly powerful method to analyze extremely complex alternatively spliced genes, such as CD44 or MAPT. However, it is unclear how the polony technology can be adapted to clinical situations where highthroughput analysis of hundreds of potential targets, scores of tissue types and hundreds to thousands of samples are needed to generate statistical significance without being labor intensive and cost prohibitive.
Here, we demonstrate one approach for alternative splicing variant (ASV) quantification. Complementary DNA (cDNA) reverse transcribed from total RNA preparation is PCR amplified using primers that flank the site of alternative splicing. To distinguish different ASVs, an extension primer is designed to extend from one to a few bases into the sequence differences introduced by alternative splicing, such that the different variants create products of different molecular weights. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) is then used to detect and quantify these products. The entire process is carried out in a 384-well plate format in a highly automated fashion so that a single person can carry out a few thousand reactions per day.
MATERIALS AND METHODS

Samples and reverse transcription
Total RNA samples from six healthy human tissue samples, including brain, colon, heart, kidney, liver and testis, were obtained from Clontech. A sample of 100 ng of RNA was reverse transcribed for 1 h at 42 C with 0.5 mg of random hexanucleotides and an AMV reverse transcriptase (Promega) in 20 ml total volume.
PCR primer design, amplification and primer extension
Primers were designed using Sequenom's Assay Designer software (Table 1) and obtained from Integrated DNA Technology (Coralville, IA). PCR primers were tagged with 5 0 -ACGTTGGATG-3 0 at the 5 0 end to avoid interference with the mass spectra (tag sequence is not shown in Table 1 ). Amplification of 10 ng of cDNA was performed using PCR primers at 100 nM, MgCl 2 at 2.75 mM and 200 mM dNTP using 0.1 U HotStart Taq DNA polymerase (Qiagen) in 5 ml with the following PCR conditions: 95 C hot start for 15 min, followed by 45 cycles of 95 C for 30 s, 56 C for 1 min, then 72 C for 1:30 min, with a final hold of 72 C of 7 min. After the PCR amplification, the products were treated with 0.04 U shrimp alkaline phosphatase, SAP (Sequenom), which inactivates unused dNTPs from the amplification cycles, for 20 min at 37 C followed by heat inactivation at 85 C for 5 min. For the extension cycle, 1.2 mM final concentration of extension primer and 0.6 U of ThermoSequenase (Sequenom) were added to a total reaction of 9 ml with the termination mixture containing specific dideoxynucleotides and deoxynucleotides for each reaction at 50 mM for each base. The extension conditions include a 94 C hold for 2 min with 75 cycles of the following: 94 C for 5 s, 52 C for 5 s and 72 C for 5 s.
MALDI-TOF MS and quantitative analysis
Prior to MALDI-TOF MS analysis, salts from the reactions were removed using SpectroCLEAN resin and 16 ml of water. ASV analysis was performed using the MassARRAY system (Sequenom) by dispensing 10 nl of final product onto a 384-plate format MALDI-TOF MS SpectroCHIP using a SpectroPOINT nanodispenser (Sequenom). The frequency of each variant was generated by SpectroTYPER (Sequenom) and was determined by taking the peak area ratio of the peak associated with the splice variant of interest over the total area (ASV area + normal variant area). Furthermore, the data quality was controlled by discarding data with a frequency error (a weighted uncertainty of the frequencies for each variant reported by the SpectroTYPER software) >10.0%. Level of quantification (LOQ) for the MALDI-TOF platform has been previously reported using pooled DNA as 5.0% (18) . Although some of the assays investigated here demonstrated reproducible data at lower frequencies, the conservative value of 5.0% was used as the LOQ. Although this method can detect ASVs <5%, the detection is not quantitative at this stage. A peak was considered detected if it had a signal-to-noise ratio >10. After the data were filtered for quality, the mean and standard deviation for each splice variant was calculated as the final reported value.
ACTN-4 analysis
The ACTN-4 PCR product and the 1:20 dilution samples were analyzed using a 10% TBE non-denaturing pre-cast acrylamide gel (Invitrogen) using 0.5· TBE buffer. The ACTN-4 PCR product was produced by using the PCR amplification step outlined in the previous assay using 100 ng of tissue cDNA sample in a total reaction of 20 ml. The 1:20 samples were obtained by adding 1 ml of the ACTN-4 PCR product to a total PCR volume of 20 ml followed by a single PCR cycle. Bands were electro-eluted using GeBA flex-tubes according to instructions, and the sequence of each band was performed by Davis Sequencing (Davis, CA) using the same forward and reverse primers used in the PCR.
RESULTS
To evaluate the potential use of the primer extension method for the detection and quantification of ASVs, examples were selected consisting of genes whose variants are well characterized and have been shown to be potential cancer markers (BCL2L1, TERT, VEGF, HNRPA2B1 and CEACAM), a few less-characterized ASVs, (ACTN-4, KRT8, PCBP4, Caspase 9 and HELLS) as well as some ASVs identified by data mining techniques (REST, RAB1A, PPP1R11 and NME1). Although there are many types of ASVs, they all share the fact that a sequence difference is introduced into the mRNA. It is this fact that allowed for the detection and quantification of the splicing events, regardless of the exact nature of the ASV. Throughout this paper, the term 'alternatively spliced variant' will refer to the cancer-associated variant and 'normal' will refer to noncancer-associated variant. Furthermore, because this analysis uses relative percents the sum of the ASV and normal variant is 100%, thus a 10.4% ASV has 89.6% normal variant present. For sequence insertions ( Figure 1a , c and d), the variant sequence differs from the native sequence only in the novel insertion whether it is a unique series of exons (REST), a 3 0 addition, (TERT alpha variant) or a 5 0 addition (BCL2L1-L). For sequence deletions (Figure 1b) , the ASV is detected in the sequence disparity of the exon adjacent to the fixed exon. Normal splicing for TERT results in extension from exon 6 into exon 7 while the beta variant results in extension into exon 9. For mutually exclusive exons (Figure 1e ), as in ACTN-4, the extension primer is designed for the sequence portion of the 8 0 exon that is unique from exon 8. Complex splicing, such as vascular endothelial growth factor (VEGF), where multiple splicing events can result in many variants, extension strategies are less straightforward and will be discussed in detail later on.
The different sequences that are produced from the extension primer of each variant were detected as a specific peak in the mass spectra. For example, in BCL2L1-L (also known as BCL-X L ), a CT dideoxy termination mixture (dATP, ddCTP, dGTP and ddTTP) and an extension primer create a specific concatenation of the primer, TCAGAGCTTTGAACAGG (5234.4 m/z) plus a terminal ddT (5522.6 m/z), while the BCL2L1-S variant (also known as BCL-x S ) extends an AddT on to the extension primer (5835.8 m/z). The BCL2L1-L and BCL2L1-S variants are uniquely identified by mass/charge ratios and were detected and quantified.
Detection of ASVs
To test the ability of this method to detect splice variants in 13 selected genes (Table 2) , total RNA samples from six different healthy tissues were obtained from Clontech and reverse transcribed into cDNA samples. The resultant cDNAs were PCR amplified using forward and reverse primers that were designed to flank the ASV of interest. After amplification, excess dNTPs were removed using SAP, a crucial step that allows the termination mixture used in the extension cycle to have the desired dideoxynucleotide termination sequence. In the primer extension reaction, a primer was designed that was complementary to the sequence directly adjacent to the sequence difference introduced by an ASV. In the extension cycle, ThermoSequenase was used to add the dNTPs until a termination base was added to create a unique extension sequence. Each sample was assayed in replicates of four with each replicate sampled five times by the mass spectrometer.
The brain had the largest relative percent of ASVs expressed, with 48.4%, followed by testis and heart at 35.5 and 35.7%, respectively. We should caution the readers that our data are mainly a proof of principle to demonstrate the methodology rather than to answer the biological question of alternative splicing in a tissue-specific manner. The general trend of the data in Table 2 , however, does correlate with previous EST and tissue-specific alternative splicing studies (13, 16) , in which brain was found to have the highest level of alternative splicing followed by the testis and heart.
In three of the genes that were assayed, TERT, BCL2L1 and RAB1A, the dominant variant in at least two tissues was the alternatively spliced variant. The most dominantly expressed variant was the beta variant of TERT. TERT is a telomerase reverse transcriptase that is primarily regulated transcriptionally (19) , but has also been shown to be regulated through alterative splicing of transcripts (20) and is generally inactive in adult tissues with the exception of male germ cells (21) . Only the full-length variant is active as both the alpha and beta variants disrupt the required RT motifs (22) . Currently, this assay is unable to identify if both the alpha and beta deletion occur on the same transcript; however, we can extrapolate the presence of normal full-length variant by looking at the values from both assays together. In the heart, 87.5% of the TERT transcript has the beta deletion and no TERT transcripts with the alpha deletion were detected, as a result the remaining 12.5% of the TERT transcript has neither the beta nor the alpha deletions, leaving the possibility that those transcripts are full-length. In contrast, >95.0% of the transcripts in the testis tissue contained the beta deletion and 19.9% of those transcripts possessed the alpha deletion, indicating that both the alpha and beta deletion were present on 15-20% of the TERT mRNA expressed in the testis. With the exception of the heart, no full-length TERT transcripts were detected in any of the tissues.
BCL2L1-L, a well-known anti-apoptic variant in the Bcl-2 family of cell death regulators, has been linked to a variety of cancers, including lung (23), myeloma (24), brain (25) and breast (26) . In most studies, the up-regulation or downregulation of the BCL2L1-L variant, rather than BCL2L1-S, is monitored. For those studies that do monitor both variants, the values are represented as a ratio of the two variants.
Given how well studied this variant is, it is surprising that an alternative splice variant profile in normal tissues has not been presented in previous studies; however, it is clear that the BCL2L1-L is the dominant variant in murine tissue (27) . Our data show that of the two variants, BCL2L1-L and BCL2L1-S, BCL2L1-L is close to or above 50% in all samples with the highest percent in the heart with 69.8%.
RAB1A, a member of the RAS oncogene family, ASV tissue profile has not been studied outside of EST computational analysis (28) , but our data demonstrate that this alternate variant expressed at near 50% in all tissues with a high of 56.6% in the brain and a low of 40.0% in the testis.
In contrast to the ASVs that were predominantly expressed, four of the genes show either minor ASV expression in all 0 splicing donor (d) and mutually exclusive exons (e). Exon lengths are not to scale. Primer extension assays of respective genes were assayed on a MALDI-TOF MS. In the mass spectra, extension primer refers to unextended primers, while the subsequent peaks indicate the primer with an extension of the base(s) specified.
samples or show tissue-specific low-level expression. Of these four ASVs, three, Keratin 8, NME1 and PCBP4, have only been recently identified and lack a prior tissue-specific distribution profile. Keratin 8, recently discovered in non-small cell lung cancer (29) , had an average ASV expression level of 7.1% and was consistently detected in all samples, with the exception of the brain, which expressed the full-length KRT8 exclusively. NME1 (non-metastatic cells 1) ASV was identified in two EST screening papers, indicating its potential use as a cancer marker (28, 30) . This variant was not detected in any normal tissues. PCBP4, a poly(rC)-binding protein gene, ASV was detected in all tissues with the highest expression in the brain and heart samples at 39.2 and 36.2%, respectively, the remaining samples had expression levels between 21.8 and 10.6%. Recently, conversion of PCBP4 to this deletion variant, PCBP4a, has been correlated with lung cancer (31) . The fourth minor ASV, REST, a RE1-silencing transcription factor, was expressed exclusively in the testis at 6.8%. Previously, this ASV had been detected in lung cancer cell lines expressed at similar levels as the wild-type variant as well as in brain at such low abundance that it was only detected after using nested PCR (32) .
The final gene analyzed was ACTN-4, in which the alternatively spliced 8 0 exon was detected in all tissue samples with two samples showing a >50% expression, the testis and brain, at 51.2 and 71.1%, respectively. This variant, similar to those with low-level expression, has only recently been identified in lung cancer cell lines, where the ASV containing the 8 0 exon was only detected in small cell lung cancer, with trace amounts in testis and the brain (33) . Since this ASV was detected in all tissue samples we tested, in contrast to the previously reported expression profile data, additional analysis was performed to confirm the expression level of the 8 0 exon in ACTN-4.
Paired extension primer correlation
To confirm the expression levels of the 8 0 exon, ACTN-4 was assayed using two extension primers, one coming from the 5 0 side of exon 8 0 , as originally used, and one from as the 3 0 side (Figure 2 ). Both primers were designed adjacent to unique bases in the 8 0 exon. The samples were multiplexed, a process that allows the two extension primers to be assayed simultaneously in the same reaction reducing procedural variations and increasing throughput. The extension primers of the multiplexed assays were designed with a different termination mixture so that the mass spectra for both the forward and reverse product of each variant would not interfere with each other. When both forward and reverse extension product values of the 8 0 ACTN-4 exon were compared with each other (Figure 3 ) both values correlated well. With the values verified using bidirectional analysis, we suspected that the disparity of our results with previously published data was a result of the formation of heteroduplexes during PCR.
ACTN-4 exon 8 0 heteroduplex analysis
The mutually exclusive splice variant of ACTN-4 is inherently difficult to assay via conventional PCR and gel analysis techniques. ASVs are generally analyzed by comparing the migration of the variants, which is the result of their molecular weight difference by either a deletion or insertion. For ACTN-4, the mutually exclusive exon is 83 nt, the same length as the constitutive exon 8 precluding it from this type of analysis. Using a restriction enzyme that digests one variant but not the other can create a difference in migration between the two variants, as was performed with ACTN-4 (33). Confounding problems of this adaptation include heteroduplexes. When two sequences have a high percent of homology, they are prone to form heteroduplexes during PCR. Heteroduplexes are not digested fully as only one strand of the DNA has the correct restriction site. Exons 8 and 8 0 are 74.4% identical, while the entire amplicon between the forward and reverse primer (223 nt) has only 21 different residues resulting in a >90% identity.
To determine whether heteroduplexes were formed during conventional analysis, the PCR product using the same PCR primers as the mass extend assay was assayed on a nondenaturing 10% polyacrylamide gel. This type of heteroduplex mobility analysis (HMA) (34) allows separation of duplexes that would ordinarily appear as a single band on an agarose gel, as was seen for these samples (data not shown). HMA on two samples in lanes 4 and 5 produced three bands of different migration with one major band, 3, and two minor bands, 1 and 2 ( Figure 4a ). To determine whether these additional bands were heteroduplexes, aliquots of the samples run in lanes 4 and 5 were diluted 1:20 and subjected to a single PCR cycle, a process that allows heteroduplexes to denature so that correct duplexes can be re-established (35) . As expected, the twoheteroduplex bands were absent in lanes 2 and 3. Finally, to confirm the heteroduplex analysis results and to ascertain the exact duplexes formed, the three bands from lanes 4 and 5 were extracted from the acrylamide and sequenced from both directions. The sequencing results confirmed that bands 1 and 2 were heteroduplexes formed by exon 8 0 forward/8 reverse and exon 8 forward/8 0 reverse, respectively (Figure 4b ). Band 3 was a homoduplex of both exon 8 forward/8 reverse. Band 3 may also contain a homoduplex of exon 8 0 forward/8 0 reverse at a much smaller amount compared with exon 8 forward/ 8 reverse so that it is not directly detectable by sequencing.
VEGF variant analysis
After demonstrating the ability of this method to detect simple slice variants, we then moved to a more complex example, VEGF, a gene that plays a crucial role in angiogenesis, the formation of new capillaries (36) . With such a vital role in vascularization and its correlation to cell proliferation, VEGF has long been considered an important factor in tumorigenesis with a role in every major type of cancer (37) and thus a natural target for therapy. VEGF has six splice variants (Figure 5a ) ranging from 121 to 206 amino acids. Because of the complexity of the splicing, a single extension primer is not sufficient to identify all variants; as a result two extension primers were used, each one giving a portion of the data that together would give the relative abundance of each variant to all the variants (Figure 5b The data obtained from the two extension primers correlated with previous tissue profile data, with 121 and 165 representing the bulk of the variants in all tissues (38) . Historically, as the minor variants were being revealed, two variants, 183 and 189, were initially not differentiated because of their small size difference, 18 nt. Lei et al. (39) had suggested that previously identified 189 in the heart was probably 183. Both of the variants 183 and 189 were identified to be most highly expressed in the heart at 11.2 and 8.6%, respectively, clarifying that both 183 and 189 are present in the heart. The remaining variants, 145 and 206, are rarely expressed and ostensibly limited to placental cells (40); however, there was a detectable level of 206 in testis.
DISCUSSION
We have shown that primer extension coupled with MALDI-TOF MS can be applied to high-throughput ASV detection and quantification. The tissue profiles demonstrated by this method are not meant to be definitive values, rather an illustration of the power of this method to generate statistically significant amounts of data on multiple genes, including complex splicing (VEGF). Furthermore, this method can be used to quantify ASVs with similar length and sequence that may be erroneously assayed by traditional RT-PCR gel electrophoresis method (ACTN-4). The promise of this method, coupled with the versatility of the MALDI-TOF MS platform, indicates a potential for information-rich analysis for a multitude of uses. Use of this method, however, is limited to those ASVs that have been characterized at the sequence level and is currently not able to identify new variants. Thus, this method can function as a complement to the enormous dataset generated from cDNA sequencing and computational analyses.
